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ABSTRACT
The interplay of star formation and supernova (SN) feedback in galaxy formation is a
key element for understanding galaxy evolution. Since these processes occur at small
scales, it is necessary to have sub-grid models that recover their evolution and environ-
mental effects at the scales reached by cosmological simulations. We simulate the same
spiral galaxy inhabiting a Milky Way (MW) size halo in a cosmological environment
changing the sub-grid models for SN feedback and star formation. We test combina-
tions of the Schmidt law and a multi-freefall based star formation with delayed cooling
feedback or mechanical feedback. We reach a resolution of 35 pc in a zoom-in box of 36
Mpc. For this, we use the code RAMSES with the implementation of gas turbulence in
time and trace the local hydrodynamical features of the star-forming gas. Finally, we
compare the galaxies at redshift 0 with global and interstellar medium observations in
the MW and local spiral galaxies. The simulations show successful comparisons with
observations. Nevertheless, diverse galactic morphologies are obtained from different
numerical implementations. We highlight the importance of detailed modelling of the
star formation and feedback processes, especially when increasing the resolution of
simulations. Future improvements could alleviate the degeneracies exhibited in our
simulated galaxies under different sub-grid models.
Key words: method: numerical – galaxies: formation – galaxies: spirals – galaxies:
star formation
1 INTRODUCTION
In a ΛCDM universe, proto galactic haloes are formed as
dark matter gravitationally collapses from initial overdensi-
ties. The galaxies are then formed through the subsequent
accretion of baryonic gas and dark matter. As the host halo
grows, so does its gas content reaching high densities that
would locally collapse and form stars. If star formation (SF)
were only described by the gravitational collapse of the gas,
this process would be faster and more efficient than what is
observed (Zuckerman & Evans 1974; Krumholz & Tan 2007;
Evans et al. 2009; Krumholz 2014). The fact that molecu-
lar clouds survive for longer than their associated freefall
time suggests that there are other processes involved in star
formation as the galaxy forms. Several models have been
proposed to explain the inefficiency of star formation, from
stellar feedback (Murray et al. 2010) and turbulent sup-
port (Mac Low & Klessen 2004; Krumholz & McKee 2005;
? E-mail: arturo.nunez@lam.fr (KTS)
Hennebelle & Chabrier 2011; Padoan & Nordlund 2011) to
dynamical stabilization (Ostriker et al. 2010; Meidt et al.
2018), and magnetic fields (Federrath 2015) highlighting the
complexity of the interstellar medium (ISM).
At galactic scales, abundance matching techniques (Guo
et al. 2010; Behroozi et al. 2010; Munshi et al. 2013;
Rodriguez-Puebla et al. 2015; Kravtsov et al. 2018) give an
insight into the relation between the mass of the host dark
matter (DM) halo and its baryonic component. From such
works, we know that the peak of galactic star formation oc-
curs around Milky Way size haloes, suggesting a boundary
between the main processes that dominate over star forma-
tion in smaller and bigger haloes than ≈ 1012 M (Dekel &
Silk 1986; Silk & Rees 1998).
The non-linearity in the formation and evolution of
galaxies make cosmological simulations a powerful tool to
compare models and observations. All this by featuring dark
matter collapsing into large scale structures and baryonic
gas collapsing into stars to form galaxies. To this end, it is
necessary to include sub-grid models to describe processes
c© 2015 The Authors
ar
X
iv
:2
00
4.
06
00
8v
1 
 [a
str
o-
ph
.G
A]
  1
3 A
pr
 20
20
2 A. Nun˜ez-Castin˜eyra et al.
like star formation and feedback that take place at resolu-
tions far below those reached by these simulations. Either
with directly coupled hydrodynamics or semi-analytic mod-
els, these implementations come as far as to reproduce fun-
damental general observables like the Kennicutt-Schmidt re-
lation, star formation histories, rotation curves, and stellar
to halo mass relation in big volume simulation (Vogelsberger
et al. 2013; Dubois et al. 2014; Schaye et al. 2015; Wang et al.
2015; Somerville & Dave´ 2015). Regardless of the general
success of large volume simulations, high-resolution stud-
ies suggest that the current sub-grid implementations might
not be enough to fully reproduce galaxy formation, either
on the side of feedback (Hopkins et al. 2012; Agertz et al.
2013; Kimm et al. 2015; Rosdahl et al. 2017) or the for-
mation of stars coupled to the ISM modeling (Perret et al.
2015; Kimm et al. 2017; Hopkins et al. 2018; Kretschmer &
Teyssier 2020). More sophisticated implementations of the
sub-grid processes are needed to better describe galaxy for-
mation and reproduce lower scale observations.
Initially, in numerical simulations of galaxy formation,
only SN feedback was used to constrain star formation. The
approach was to thermally inject the SN energy into the
neigbouring environment (Katz 1992). This technique re-
sulted in very compact and dense galaxies given that the
energy was rapidly radiated away without affecting its lo-
cal environment, with almost no effect on SF (Dalla Vec-
chia & Schaye 2012). Along the last 20 years, considerable
progress has been achieved in developing models of SN feed-
back, mainly aiming at reproducing large scale observables
(Navarro & White 1993; Gerritsen & Icke 1997). It has also
been proposed in the light of observations of the turbulent
nature of the ISM (Zuckerman & Evans 1974; Larson 1981;
Solomon et al. 1987; Falgarone et al. 1992; Ossenkopf & Mac
Low 2002; Heyer & Brunt 2004) that the supersonic random
motions of gas in molecular clouds actually regulates SF. We
now understand that the turbulence has a double purpose
when it comes to star formation. Turbulent kinetic energy
impedes the gravitational collapse of the molecular cloud
on large scales. On smaller scales, the formation of dense
filaments through the action of the shocks can form dense
cores that serve as star formation sites. Such a system will
result in a clumpy star distribution over the spiral arms in-
stead of the incorrect smooth distribution usually observed
in simulations(Federrath 2015).
In this paper, we present a comparison of the effect that
different sub-grid implementations have on a spiral galaxy in
a cosmological environment. We reach a resolution of 35 pc
and store dynamical variables of the gas cells, which allows
us to compare the properties of the star-forming gas in our
simulations with observations of local star-forming regions.
In particular we focus on the star formation implementation
used by Kimm et al. (2017) and Perret et al. (2015), the me-
chanical feedback approach of Kimm et al. (2015), the de-
layed cooling feedback approach by Teyssier et al. (2013) and
the ISM turbulent implementation of Kretschmer & Teyssier
(2020). The paper is organized as follows, in section 2 we de-
scribe the simulation framework and the sub-grid strategies
for star formation and SN feedback. In section 3, we present
the results of the simulations and compare them with ob-
servations in two main blocks, global galactic properties in
section 3.1 and local or small scale properties in section 3.2.
Finally, in section 4 we present our summary and conclu-
sions.
2 SIMULATION
Simulations were run with the Eulerian adaptive mesh re-
finement (AMR) code RAMSES (Teyssier 2002), to study
the impact of different implementations of baryonic physics
on a spiral galaxy hosted by a Milky Way size halo. Ini-
tial conditions were generated with the MUSIC (Hahn &
Abel 2011) package, generating the primordial density fluc-
tuations at redshift 100 in a periodic box of 36 Mpc contain-
ing a ΛCDM universe. We use as cosmological parameters:
H0 = 67.8 km/s/Mpc for the value of Hubble constant to-
day, Ωb,0 = 0.045 the baryonic matter density, Ωm,0 = 0.308
for matter density and ΩΛ,0 = 0.692 for the vacuum density.
We start by evolving only the dark matter content of the
box with a uniform resolution up to redshift 0. Once there,
the HAST1 code is used to select the haloes that fulfil the
MW-like halo mass, merger history and environment crite-
ria i.e. Mh ≤ 1012 M (Bovy et al. 2012; Kafle et al. 2012;
McMillan 2017), no major mergers after redshift 2 and no
massive neighbour halo. Then with HAST, we generate the
convex hull Lagrangian volume. This volume contains the
initial positions of all particles that end up inside 3.5 times
the virial radius, rvir, of the final halo (see On˜orbe et al.
(2014)). After identifying the Lagrangian region new ini-
tial conditions are generated with 5 resolution levels on DM
particle mass, starting from the outer box with a local res-
olution that corresponds to 1283 particles and ending with
a resolution of 20483 particles ( i.e. 11 levels of refinement
or mdm = 1.9 × 105M) inside the Lagrangian volume. This
volume’s boundaries are redefined, if necessary, to include
particles of lower resolution that cross inside rvir during the
halo evolution, this process is known as decontamination.
Once the Lagrangian volume is decontaminated, baryons are
included in the initial conditions and a full hydrodynamics
run of the zoom-in halo is done until redshift 0. Ending in
what we call the Mochima galaxy, a spiral galaxy with a
central bulge, the total stellar and DM mass are comparable
to those expected for Milky Way. The analysing tools where
developed from the data reading tool UNSIO2.
The primary properties of the five runs are listed in
Table 1. In what follows we use the definition of the virial
radius as the radius at which the mean density reaches the
critical density of the universe ρcrit times the so-called virial
overdensity ∆crit = 18pi + 82x − 39x2 where x is defined as
x = (Ωm/(Ωm + a3ΩΛ) − 1) (Bryan & Norman 1998).
2.1 Baryonic physics
Two determining processes of galaxy formation are star for-
mation (SF) and stellar feedback. These processes occur at
scales that are beyond current available computational re-
sources for galaxy formation simulations, especially in cos-
mological environments. AMR techniques focus computing
1 writtern by V. Perret and available at https://bitbucket.org/
vperret/hast/wiki/Home
2 written by Jean-Charles Lambert from the CESAM group at
LAM and available at https://projets.lam.fr/projects/unsio
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time by adaptively dividing space resolution of regions de-
fined by some refining criterion. In our case, this happens
when the dark matter or baryonic mass in a cell surpasses
a given threshold value. Depending on the object to be sim-
ulated, a minimal cell size is necessary to resolve the corre-
sponding characteristic scales, the radius or the scale height
of the disc, for example. A compromise needs to be achieved
to constrain computing times. Therefore, it is necessary to
impose a maximum refining level. The Milky Way’s thin
disc is reported to have a scale height of ∼ 300 pc (McMillan
2017). We chose to limit our refinement strategy to reach
a resolution (minimal cell size ∆x) of 35 pc that allows to
resolve a disc scale height similar to that of the MW thin
disc with ∼ 8 cells.
Even with such resolutions, the scales of the ISM physics
remain below the smallest cell of our grid with molecular
clouds size ranging from a few to hundreds of parsecs. Here
is where a sub-grid numerical prescription is needed to have
an effective description of the physics contributing to galaxy
formation simulations. Such models have been around for
more than two decades (Cen & Ostriker 1992; Katz et al.
1992). Considering the technological advances in both the
computing resources and ISM observations, it is now neces-
sary to expand such simple models to include gas dynamics.
A full theory of star formation remains to be developed.
Nevertheless, we now understand the role of local gas turbu-
lence as a competitor to the gravitational collapse of gas in
the ISM (Mac Low & Klessen 2004; McKee & Ostriker 2007).
We highlight the impact of baryonic physics modelling on a
simulated spiral galaxy in a cosmological context. We now
describe our main sub-grid prescriptions for turbulence, star
formation, and SN feedback.
2.1.1 Turbulence
Using the Navier-Stokes equation to describe a fluid’s turbu-
lence numerically requires reaching microscopic resolutions.
Such scales are out of reach of galaxy formation simulations
in cosmological environments. An alternative approach is to
relate large scale motions of the fluid, such as turbulence to
the mean properties of the flow. This methodology was mod-
elled in the 60s by Smagorinsky (1963) and are now called
Large Eddy Simulations (LES). In astrophysics, the most
often used sub-grid scale (SGS) models have been based on
numerical dissipation. It is then assumed that large scale
(above resolution) dynamics are more or less independent of
the sub-resolution fluctuations and therefore the latter can
be smoothed out (Colella & Woodward 1984).
LES models were later introduced in astrophysics to de-
scribe supernova combustions (Schmidt et al. 2006, 2005),
supersonic turbulent flows (Schmidt & Federrath 2011), and
finally, it has been implemented in the context of star for-
mation for isolated spiral galaxy simulations (Semenov et al.
2018) and galaxy formation in cosmological environments
(Kretschmer & Teyssier 2020; Kretschmer et al. 2020).
Relating large scale motions of the flow with its mean
properties, the density field is decomposed in the density av-
eraged over volume, smoothed at resolution scale, ρ¯ and the
fluctuation ρ′. In parallel, the temperature and velocity field
are averaged using a mass-weighted average (Favre average)
which are denoted as T˜ and v˜ which leads to
ρ = ρ¯ + ρ′, T = T˜ + T ′′, v = v˜ + v′′ (1)
fluctuations over the Favre average are denoted with a dou-
ble prime. Finally, the turbulent kinetic energy that will be
stored as a passive scalar is defined as
KT =
1
2
ρv′′2 =
1
2
ρ¯σ23D (2)
where the 1D velocity dissipation σ can be related to its
three dimensional counterpart and the turbulent kinetic en-
ergy as σ2 = σ23D/3 = (2/3)KT for more details we refer the
reader to Schmidt & Federrath (2011) and Schmidt (2014).
We use the LES implementation done by Kretschmer &
Teyssier (2020), where a modified version of the Euler equa-
tion is not used. Only an extra equation for the turbulent
kinetic energy is used to account for advection and work of
turbulent pressure as in Schmidt (2014), and Semenov et al.
(2018)
∂
∂t
KT +
∂
∂x j
(KT v˜ j) + PT
∂v˜ j
∂x j
= CT − DT , (3)
where CT and DT are the creation term and destruction term
respectively (see Kretschmer & Teyssier (2020)). In partic-
ular, the destruction term is responsible for the dissipation
of the turbulence in the sub-grid turbulent cascade. Pre-
vious implementations of thermo-turbulent star formation
sub-grid models consider an in-situ calculation of the turbu-
lent velocity dispersion (Perret et al. 2015; Trebitsch et al.
2017, 2018; Hopkins et al. 2018) which would be equivalent
to considering both terms creation and destruction to be
equal.
2.1.2 Star formation
The first star-formation (SF) approach we use is motivated
by the Schmidt law (Kennicutt 1998), and consist of keeping
a constant SF efficiency over the full simulation. The SF rate
is computed as
ρ˙ = ff
ρgas
tff
ρgas > n? (4)
where ρgas is the gas density of the cell and ff is the SF
efficiency per free-fall time tff =
√
3pi/32Gρgas. This means
that 100ff% of the gas mass in the cell will be turned into
stars as long as the cell is denser than the threshold density
n?. The threshold density can be calculated by requiring the
Jeans length to be larger than four times the smallest cell in
the simulation (Rosˇkar et al. 2014). This leads to n? = 19.182
H/cc. In previous works, this calculation was also used to set
a temperature floor for the gas evolution in order to avoid
numerical fragmentation. We choose to use this calculation
only to compute the threshold density for the control run
using Schmidt law SF, and therefore depart from the “poly-
tropic pressure floor” by not setting a temperature floor for
the gas. It has been argued that the numerical fragmentation
that the temperature floor approach aims to avoid might be
instead natural gas fragmentation and should not be avoided
(Robertson & Kravtsov 2008).
We choose the value of the fixed efficiency to be ff =
MNRAS 000, 1–17 (2015)
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Table 1. Global values of the six runs of the Mochima galaxy, one dark matter only and five hydro runs. From left to right are the tag of
the galaxy, the protostellar feedback parameter , the total halo mass, the total stellar mass inside rvir, the stellar mass inside 0.2 rvir, the
virial radius, maximum resolution of the mesh, dark matter particle mass in the zoom region and the minimum mass of a star particle
present in the simulation.
Tag 
MHalo Mstars Mstars,0.2 rvir ∆x mdm m?min
(1012 M) (1010 M) (1010 M) (kpc) (pc) (105 M) (105 M)
Dark matter only - - 1.129 - - 275.9 140.5 2.279 -
Schmidt law+Delayed Cooling KSlaw-DCool - 0.923 3.128 3.066 260.7
35.13 1.947 0.1568
Multi-ff KM+Delayed Cooling Mff009-DCool 0.09 0.950 7.436 7.321 266.6
Multi-ff KM+Delayed Cooling Mff100-DCool 1.00 0.917 3.701 3.618 266.5
Multi-ff KM+Mechanical FB Mff009-MecFB 0.09 0.979 10.58 10.10 272.5
Multi-ff KM+Mechanical FB Mff100-MecFB 1.00 0.938 8.037 7.597 271.3
0.09, almost one order of magnitude bigger than the effi-
ciency chosen for similar simulations (Rosˇkar et al. 2014;
Mollitor et al. 2015) due to the difference in mesh resolu-
tion. In our control run this efficiency remains constant re-
gardless of the gas dynamics and forces the SF to be related
exclusively to the cell’s density.
The idea of a constant SF efficiency is challenged by
works on small-scale numerical simulations (Padoan & Nord-
lund 2011; Federrath & Klessen 2012) and ISM observations
(Murray 2011; Lee et al. 2016; Utomo et al. 2018) that sug-
gest that ff depends on the physical properties of the gas.
Therefore we also adopt a thermo-turbulent approach for SF
similar to ones used in Kimm et al. (2017); Trebitsch et al.
(2017, 2018); Kretschmer & Teyssier (2020). The full details
of the method are beyond the scope of the present document
but we give a short description for the sake of completeness.
This SF approach, that we label multi-freefall or multi-
ff, following Federrath & Klessen (2012)3, is based on the
assumption that a log-normal distribution yields to a good
description of the probability distribution function (PDF)
for the gas density of a star-forming cloud. Once this is es-
tablished, ff can be estimated by integrating the cloud PDF
(weighted by a freefall time factor) from a threshold density
ρcrit up to infinity. Given that the freefall time depends on
the density, this factor should be inside the integral. The
solution to the integral in equations (7) or (34) in Federrath
& Klessen (2012) is then their equation (41) that has the
following form
ff =

2φt
exp
(
3
8
σ2s
) 1 + erf σ2s − scrit√
2σ2s
 (5)
where the logarithmic density contrast s = ln(ρ/ρ0), the mean
gas density is ρ0, and the variance of s is σ2s = ln(1 + b
2M2),
where M is the Mach number. We use the turbulent forcing
parameter as b = 0.4 assuming a mixture of solenoidal and
compressive modes for turbulence. The only free parameter
of this model is the protostellar feedback (PSFB) parameter
 Schmidt & Federrath (2011). This parameter aims to ac-
count for feedback processes that occur at the moment of the
molecular cloud collapse, when a fraction (1 − ) of the gas
is expected to be blown away by winds, jets and outflows
(Wardle & Koenigl 1993; Konigl & Pudritz 2000; Pudritz
3 In particular we use the formulation that uses the definitions
from Krumholz & Tan (2007) and Krumholz et al. (2012) which
leads to the label KM in some of the figures.
et al. 2007; Peters et al. 2011; Seifried et al. 2011; Federrath
& Klessen 2012). The expelled gas is then re-injected into
the ISM, while the remaining fraction  ≤ 1 falls into the
protostellar core contributing to the mass of the future star.
We use two different extreme values for this parameter in
order to bracket its effect in the simulated galaxy, we have
chosen to use  = 0.09 and  = 1. For the critical logarith-
mic density contrast we adopt the definition of Krumholz &
McKee (2005)
scrit = ln
(
pi2
5
φ2xαvirM2
)
(6)
where the virial parameter is defined as αvir = 2Ekin/|Egrav|
and the rms Mach number M = σ/cs is built in terms of the
velocity dispersion of the gas cell, σ, and the sound speed in
the cell, cs. The empirical parameters φt = 0.49 and φx = 0.19
are meant to account for uncertainties in the model.
In both cases, the Schmidt law and the multi-ff schemes,
once a gas cell has passed all the constraints and is allowed to
form stars, the star particle has N times the mass of the mini-
mal stellar mass, m?min. The minimal stellar mass corresponds
to the baryonic resolution of the simulation. The value of
N is computed following a stochastic model by Rasera &
Teyssier (2006) where N is computed using a Poisson distri-
bution with a mean λ = (ffρcell∆x3/m?min)(∆t/t
o
ff
), where ∆t is
the time step of the simulation and to
ff
is the infall time of a
spherical distribution of mass with density ρcell.
2.1.3 SN feedback
In this study, we examine two different SN feedback models
and their impact on the evolution of our simulated galaxy.
We use the Chabrier initial mass function (Chabrier et al.
2005) where it is assumed that 31% (ηSN=0.313) of the stars
are heavy stars (m? > 8M), and that 5% of the mass of
these stars contribute to the metal content of the cell.
First, we use as a control model the more or less ubiqui-
tous Delayed Cooling method, namely its AMR implementa-
tion from Teyssier et al. (2013). This model aims to account
for astrophysical non-thermal processes known to occur in
SN explosion sites. Such processes affect the dynamics of the
propagation of the shock wave below the usual simulation
resolution. The local effects of such processes compete with
the gas cooling as they return energy to the gas but these
contributions decrease with time. The non-thermal energy
MNRAS 000, 1–17 (2015)
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eSN evolves as follows
DeSN
Dt
=
E˙inj
ρ
− eSN
tdiss
(7)
meaning that it is driven by the injected SN energy, E˙inj, and
damped in the dissipation time, tdiss. In practices, the non-
thermal pressure is added to the total gas pressure to avoid
modifying the hydrodynamical solver. Cooling is neglected
while the non-thermal pressure is greater than the thermal
pressure and reactivated when they reach comparable mag-
nitudes (Teyssier et al. 2013). Following Dubois et al. (2015),
the dissipative time-scale, tdiss, in this approach is determined
by the choice of ηSN, ff , ∆x and n?
tdiss ' 0.82
(
ηSN
0.1
)−1/3 × ( ff0.01 )−1/3 ×(
Ncell∆x
4×10pc
)2/3 × ( n?XH200cm−3 )−1/6 Myr
(8)
where XH = 0.76 is the hydrogen abundance and we take
Ncell = 4 as it is the number of cells where we choose to
resolve the Jeans length for the calculations of n?. It can
be argued that this model while efficient at galactic scales
is not describing the actual physical processes that occur
during SN explosions.
Sub-grid models describing the different stages of the
SN explosion have been introduced for SPH (Hopkins et al.
2014), and more recently for AMR simulations (Kimm &
Cen 2014), we use the so-called mechanical feedback model
as described in Kimm et al. (2015) and study how its ef-
fects on a spiral galaxy compare to the effects of the above
described delayed cooling method.
In the mechanical feedback approach, the input momen-
tum for the SN event is calculated according to the phases
of the Sedov-Taylor explosion. The main quantity of this
model is the ratio between the total swept mass, Mswept, and
the ejected mass Mej and is denoted as:
χ = dMswept/dMej (9)
where
dMej = (1 − βsn)Mej/Nnbor (10)
and
dMswept = ρnbor
(
∆x
2
)3
+
(1 − βsn)ρhost∆x3
Nnbor
+ dMej . (11)
Here ρhost is the cell density, we use Nnbor = 48 as the number
of neighbouring cells (see figure 15 of Kimm & Cen (2014)).
The mass fraction of the summed ejected mass and the mass
inside the cell that will stay in the host cell after the SN
explosion, is determined by βsn = 4/52. This value is chosen
to attempt an even distribution of the gas mass between the
host and the neighbour cells when they are not on the same
refining level.
Starting with the free-expansion phase with an available
conserved momentum of ∼ 4.5 × 104km s−1 M, the momen-
tum increases as more mass is swept by the shock, giving
place to the adiabatic so-called Sedov-Taylor phase once the
swept mass is comparable to the ejecta mass. As a result,
the outward momentum scales as the square root of the total
shell mass until the cooling phase starts. In this third stage,
the adiabatic expansion ends due to the efficiency of the
radiative losses, usually consisting in a very brief period be-
fore the start of the last stage, the snowplough phase. In the
mechanical feedback implementation, the snowplough phase
has a momentum described as (Blondin et al. 1998; Thorn-
ton et al. 1998; Kim & Ostriker 2015; Geen et al. 2015).
pSN,snow ≈ 3 × 105 km s−1 M E16/1751 n−2/17H Z′−0.14, (12)
where E51 is the SN energy in units of 1051 erg, nH is the
hydrogen number density and Z′ is the metallicity in solar
units. The mass ratio that would trigger the transition to
the snowplough phase is then
χtr = 69.58 E
−2/17
51 n
−4/17
H Z
′−0.28, (13)
and the injected momentum evolved as
pSN =
{
pSN, ad =
√
2χMej feESN if (χ < χtr)
pSN, snow if (χ ≥ χtr) (14)
where to ensure a smooth transition between both regimes
the factor fe = 1 − χ−13(χtr−1) is used. Note that this implemen-
tation might still be dependent on resolution and could re-
sult in weak feedback, to try to correct for this we have
boosted the number of SN per stellar particle by a factor
four, therefore enhancing the effect of the overall SN event
in the simulation.
3 RESULTS
We ran five simulations of the same galaxy, labelled
Mochima, a disc galaxy hosted by a Milky Way size halo
inside a cosmological box of ∼ 36 Mpc of side, changing the
star formation and the SN feedback recipes. The five runs
have the following setup:
• KSlaw-DCool: Schmidt law and delayed cooling
• Mff009-DCool: multi-ff SF and delayed cooling with
strong PSFB  = 0.09
• Mff100-DCool: multi-ff SF and delayed cooling with
weak PSFB  = 1
• Mff009-MecFB: multi-ff SF and mechanical feedback
with strong PSFB  = 0.09
• Mff100-MecFB: multi-ff SF and mechanical feedback
with weak PSFB  = 1
3.1 Global properties
3.1.1 Galaxy morphology
To illustrate how the galaxy morphology is affected by the
choice of sub-grid modelling of baryonic physics, in figure
1, we show maps, face on and edge-on, of the different runs
at z = 0. The upper row shows true color luminosity maps
including dust obscuration in the SDSS bands created with
SKIRT (Baes & Camps 2015), for these images a dust-to-gas
ratio of 0.01 have been assumed in agreement with observa-
tion of local galaxies (Sandstrom et al. 2013) (for details on
the production of these images see Trayford et al. (2017)).
The bright blue regions denote recent star formations sites
while the dark patches show the effect of the absortion by
dust. The edge on view is naturally more affected by the
dust absortion than the face on view, which is consistent
MNRAS 000, 1–17 (2015)
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Figure 1. Face-on and edge-on view of the different simulations at z = 0. From left to right: KSlaw-DCool, Mff009-DCool, Mff100-DCool, Mff009-MecFB and Mff100-MecFB. From top
to bottom: luminosity of all the stars in SDSS bands including dust obscuration simulated using SKIRT, mid-plane slices of density ρ, and temperature T. The grid in the luminosity
maps is of 5 kpc and all maps keep the same size of 50 kpc except the left column that have a side of 60 kpc.
M
N
R
A
S
0
0
0
,
1
–
1
7
(2
0
1
5
)
The impact of baryonic physics 7
with observations in the local universe where the redest
galaxies obseved are typically edge on discs (Sodre´ et al.
2013). Additionally in the middle and lower rows we show
the respective gas density and temperature maps for all the
runs. As can be seen in figure 1, the Schmidt law star for-
mation with the delayed cooling feedback (KSlaw-DCool)
results in a well extended and diffused gas disc 4. From
these maps, it seems that a density-driven star formation
is not efficient enough to generate a stellar population in
the outskirts of the disc where the gas is almost completely
disrupted. The resulting stellar disc is very smooth, most
of its star formation is concentrated in the bulge except for
some punctual, faint, star formation sites in the outskirts
of the disc. From r = 10 kpc inwards, the gas disc is very
thin, but the feedback is strong enough to push some of
the gas outwards perpendicularly to the disc plane. The sec-
ond and third columns of panels in figure 1 show the same
galaxy simulated with the multi-ff star formation and de-
layed cooling feedback variating the  parameter. In the sec-
ond column (Mff009-DCool) a strong PSFB is considered
i.e.  = 0.09 and the third column (Mff100-DCool) we use
 = 1 corresponding to a weak PSFB. For the strong PSFB
case, the galaxy becomes less extended, and the gas ends
up less diffused than in the fixed ff run (KSlaw-DCool).
In this case, the spiral arms are denser in gas and more
visibly populated by stars. Once the PSFB is factored out
by setting  = 100%, we observe the extension of the gas
disc, and a fainter star population. Additionally, fewer bright
star formation sites are observed in the disc. After chang-
ing to the multi-ff star formation strategy the galactic stel-
lar distribution becomes slightly clumpy and presents dense
clouds of star-forming gas all over the disc. Many small and
bright, young star regions can be seen all along the spi-
ral arms, more so for the strong PSFB scenarios than for
the weak scenarios. A massive bulge is observed in every
run but with different temperature and mass distributions.
In this two runs with multi-ff SF and Delayed Cool-
ing FB (Mff009-DCool and Mff100-DCool), the compe-
tition between star formation and feedback results in
a thicker gas disc due to an evenly populated disc in
stars that results in an evenly spread SN distribution.
This can be seen in the temperature map and com-
pared to the KSlaw-run where the temperature distribu-
tion is smoother and concentrated towards the centre.
In the third groups of runs, we change the feed-
back strategy from Delayed Cooling to the mechani-
cal feedback, and consider the strong and weak scenar-
ios for the PSFB, Mff009-MecFB and Mff100-MecFB re-
spectively. Judging qualitatively from the density maps,
Delayed Cooling is more efficient at blowing out the
gas vertically from the disc than the mechanical FB.
Having a strong PSFB with mechanical feedback
(Mff009-MecFB) yields over-dense gas regions that are ex-
tremely efficient at forming stars. This means that a lower
SF efficiency results in a weaker local FB unable to dis-
rupt dense clouds, and this dense clouds become ultra-
efficient SF regions. Such regions are seen as very bright
spots in the luminosity map in figure 1 for the Mff009-
4 Note that for this run the images have 60 kpc of side while for
the other runs the side is of 50 kpc.
MecFB run. Consequently, the bulge in this run is the heav-
iest in stars, with respect to the other runs. On the other
hand, we observe a drastically different situation when the
weak PSFB scenario is considered (Mff100-MecFB). This
is not surprising since, typically, higher values for  are
suggested in the literature Federrath & Klessen (2012). In
this scenario, the disc is more extended, and no bright
spots are seen in the luminosity map. However, the stel-
lar distribution is very smoothly distributed while in re-
ality, stars are seen to have a clumpy distribution. Gen-
erally, at z = 0, the multi-ff star formation forms denser
and well defined spiral arms that extend to the outskirts of
the disc, contrary to what is observed in the Schmidt law.
3.1.2 Stellar and gas mass fraction
Abundance matching techniques between big volume cosmo-
logical simulations and galaxy surveys give an insight into
the correspondence of halo mass to galaxy mass (Behroozi
et al. 2010; Munshi et al. 2013; Rodriguez-Puebla et al.
2015; Kravtsov et al. 2018). However there are uncertain-
ties within abundance matching techniques, coming either
from the galaxy survey on the definition of the stellar mass
and from counting issues inside the surveys, and on the
simulation side from the cosmological parameters and the
(not well understood) impact of baryonic physics in the halo
properties. Therefore it is difficult to say whether comparing
zoomed hydrodynamical simulations to stellar to halo mass
ratio (SHMR) is a definite test of the reality of the results.
In figure 2a, we show the relation between the stellar
mass and the halo mass of the Mochima galaxy in our dif-
ferent runs. We show for each run two different definitions
of the stellar mass, the full stellar mass inside rvir (circles)
and the stellar mass inside 20% of rvir (diamonds). Here
we compare their SHMR with different semi-analytic abun-
dance matching techniques (Behroozi et al. 2010; Munshi
et al. 2013; Rodriguez-Puebla et al. 2015; Kravtsov et al.
2018) and a set of carefully studied nearby star-forming
galaxies (Posti et al. 2019) shown as grey bands or grey
points respectively.We observe a good agreement between
the SHMR and our simulations. Even if the mechanical feed-
back run with strong PSFB (Mff009-MecFB) ends up above
the abundance matching prediction, it is perfectly consis-
tent with the scatter in the observed galaxies. In figure 2a
we also show a frame that focuses on the region surrounding
the central galaxy mass, here we show the resulting SHMR
from a Milky Way mass model meant to fit constraints from
photometric and kinematic observations McMillan (2017)
and how it compares to the Mochima galaxy different runs.
The run with delayed cooling FB have around ∼ 2%
of the total stellar mass is in satellite galaxies, thanks to
the SN feedback efficiency in quenching the star formation
in such galaxies. For the mechanical feedback runs, ∼ 5%
of the total stellar mass is inside satellites hinting that this
feedback is not efficient enough to control the star forma-
tion in substructures. Too many satellites can form stars in
this runs (Mff009-MecFB and Mff100-MecFB) compared to
the threes runs with delayed cooling, this is evidenced in
the difference of the resulting stellar mass inside rvir with
respect to the very inner stellar mass. To extend this ar-
gument, we use a the ROCKSTAR phase space temporal
halo finder Behroozi et al. (2013a) to find the DM substruc-
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Figure 2. (a) Stellar to Halo mass ratio at redshift 0 of the five runs. The stellar mass inside rvir (circles) or inside 0.2 rvir(diamonds).
The ratios for the satellite galaxies are shown in x’s with colours corresponding to each run. Abundance matching relations are shown in
grey (Behroozi et al. 2010; Munshi et al. 2013; Rodriguez-Puebla et al. 2015; Kravtsov et al. 2018). Observed stellar masses for nearby
star-forming galaxies (Posti et al. 2019) and Milky Way satellites (Errani et al. 2018) with their estimated DM mass are shown in grey
and black errorbars respectively. The reconstructed mass for the Milky Way (McMillan 2017) is also shown. (b) The baryonic fraction of
the total contained mass (stars+gas+DM) in terms of the cosmological baryonic to total matter fraction with respect to the distance to
the centre of the galaxy (solid lines). The gas fraction is also shown with respect to the total contained mass (dashed lines).
tures and select the subhaloes with a stellar counterpart and
show their SHMR as x’s in figure 2a. We compare the found
satellites in the simulations with the SHMR between the ob-
served stellar masses for the satellites in the MW with their
estimated DM mass using dynamical constraints and assum-
ing cuspy profiles (Errani et al. 2018). We note that most
of the low mass satellites observed in the MW fall close to
our resolution limit (see section 2). In particular two MW
satellites, the Sagittarius dSph and Fornax (the two-point
with the most massive stellar component) exhibit an SHMR
that is comparable to the satellites observed in all our runs
even if far for the mean of the abundance matching pre-
diction. However, we observe a systematically higher stellar
mass in the detected satellites when compared to the abun-
dance matching predictions. Taking into account the differ-
ent sources of uncertainties, we consider that our satellites
are in the ballpark of observations. In figure 2b, we show
baryonic mass (stars+gas) fraction of the total mass of the
halo (stars+gas+DM) as we increase the distance from the
centre. It is shown in terms of the cosmological baryonic
matter fraction so at the edge of the halo it should be equal
to unity. The results are in agreement with what is expected,
except for the cases of KSlaw-DCool and Mff100-DCool that
fall slightly short but not enough to be considered in fla-
grant disagreement with the cosmological baryonic ratio.
3.1.3 The star formation history
We also study the evolution of the stellar mass and the star
formation rate (SFR) history of the simulated galaxies. For
comparison, we use predictions for MW-like halos from semi-
analytical models combining stellar mass function and halo
merger histories (Behroozi et al. 2013b), as shown in figure
3. It can be seen that for the run with constant ff over time
and delayed cooling feedback (KSlaw-DCool), the SFR falls
below the predictions after reaching a peak around z & 2
at 10 M yr−1, while the peak value is that favoured by the
model it is reached earlier. After the peak has been reached
the SFR is quenched to one order of magnitude below what
is predicted. One approach to deal with this discrepancies
could be to calibrate the ff as it is the free parameter of
this star formation strategy, on the other hand, an enhanced
star formation efficiency might boost the rate of SN events,
therefore, quenching the SFR. Alternatively, by switching to
a variable ff in the multi-ff runs with delayed cooling, we ob-
serve a better agreement for the SFR history at 0.5 < z < 4.
Although an excess in the SFR is still observed for both re-
cent and old stars in the system, the population of poorly
regulated old stars, formed for z > 2, will end up populating
the stellar bulge, hence the mechanical feedback run with
strong PSFB (Mff009-MecFB) where the highest number of
old stars is seen, results in the most massive stellar bulge.
While the mechanical feedback is able to regulate star forma-
tion in the last Gyrs, in good agreement with the equivalent
run with delayed cooling feedback, it is not able to regulate
the formation of early stars. This situation ends up assem-
bling a massive galaxy that forms most of its stellar mass
before z = 2 following the growth of the dark matter halo,
as shown in the left panel of figure 3. Here, it can be seen
that the stellar mass of the mechanical feedback run rises
very quickly before z = 2 where it slows down and remains
MNRAS 000, 1–17 (2015)
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Figure 3. Comparison of the galaxy stellar mass evolution (left) and star formation history (right) of the Mochima galaxy in lookback
time in all the five runs. The stellar mass and ages are calculated for all the star particles inside the virial radius (solid). Predictions from
(Behroozi et al. 2013b) are shown in black dashed line with 1 σ band, additionally, observations for the limits of SFR. Additionally, the
evolution of the halo mass is shown (grey dot-dashed).
almost constant, as opposed to the other three delayed cool-
ing runs, where the steady growth of the stellar mass is ob-
served z < 1. The reduction of the PSFB for the mechanical
FB run (Mff100-MecFB) reduces the early star formation
but not enough to avoid the bulge; however, a significant
reduction of the SFR is seen for 1 < z < 2. In the case of
the delayed cooling run with weak PSFB (Mff100-DCool),
a significant reduction of SFR at all times is seen which
results in the lightest galaxy with the multi-ff SF recipe.
If we consider the SFR today, by looking at the stars
formed in the last 50 Myr, and compare it with the SFR
today in the Milky Way (which is observed to be between
0.9 and 2.2 M yr−1 (Murray & Rahman 2010) as shown
in horizontal arrows in the right panel of figure 3), we
see that today’s rate in the Schmidt law SF run is of 0.5
M yr−1 in the galaxy. This is closer to the Milky Way’s
value than today’s SFR in the four runs with the multi-
ff star formation that have similar values of ∼4 M yr−1.
We find so far that the multi-ff star formation re-
sults in successful objects depending on the combina-
tion of the value of the PSFB and SN FB, explicitly
for strong PSFB and delayed cooling and weak PSFB
and mechanical FB, this situation highlights the high de-
generacy and non-linearity of the galaxy evolution prob-
lem. However, we share the view exposed in Mollitor
et al. (2015) and Pillepich et al. (2018) where it is ar-
gued that due to the various sources of uncertainties,
this type of comparisons needs to be taken with caution.
3.1.4 The Kennicutt-Schmidt relation
The SFR surface density,
∑
SFR, at large scales in the local
universe is observed to follow the global Kennicutt-Schmidt
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Figure 4. The Kennicutt-Schmidt relation for different baryonic
physics combinations for the last 50 Myr. The solid line shows
the empirical Kennicutt law (Kennicutt 1998), the dashed lines
show the 0.1, 1 and 10 % efficiency of star-formation.
(KS) relation for star-forming galaxies (Kennicutt 1998).
Where the SFR surface density scales as a power law of
the gas surface density,
∑
SFR ∝ ∑1.4gas. In figure 4, we show the
relation between the gas and the SFR surface density for
different strategies of baryonic physics in the same galaxy in
the last 50 Myr. We show the empirical Kennicutt-Schmidt
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relation normalized to the Chabrier IMF (see Dalla Vec-
chia & Schaye (2012)) in a solid line and the star formation
efficiency required to consume 10, 1 and 0.1% of the gas in
dashed lines. The gas and SFR surface densities are averaged
over tori in the galactic plane centred in the galactic centre
with equal azimuthal bins of ∆r = 500 pc and a 2 pc heights.
We observe rough agreement of all our baryonic physics
strategies with observation at surface densities of
∑
gas ≈ 20
M pc−2. The similarity of the Schmidt law SF strategy
run (KSlaw-DCool) and the KS relation is somewhat ex-
pected due to the dependence of the SFR to the gas density,
ρ˙∗ ∝ ρ1.5gas (see equation 4) when ff is kept constant, con-
trary to the case of the multi freefall star formation where
this is no longer true, and the dependence is more complex.
Comparing the four cases where the multi-ff SF is used,
we can observe the effect of the different feedback imple-
mentations. The two degenerated successful runs (Mff009-
DCool and Mff100-MecFB) reproduce well the slope of the
KS relation but with slightly lower efficiency. While the me-
chanical feedback with strong PSFB (Mff009-MecFB) is only
allowing star formation in high gas surface density regions,
this induces very efficient gas consumption in the central
regions of the galaxy and a very massive stellar bulge. Sim-
ilarly, the delayed cooling run with weak PSFB (Mff100-
DCool) allows star formation in very dense regions but
without the over-efficient clouds of the Mff009-MecFB run.
3.1.5 Tully-Fisher relation
In figure 5, we show the Tully-Fisher (TF) relation in the left
and the baryonic TF relation on the right at redshift 0. We
used as the mass of the central galaxy the mass contained
within 10% of the virial radius (rvir). The circular velocity is
calculated from the contained mass as before for the radius
in the disc where it reaches a maximum. We include several
lines representing the best fit from observations in Dutton
et al. (2011) for the TF and in Avila-Reese et al. (2008);
Hall et al. (2012) for the baryonic TF. The best agree-
ment with these observations happen for the galaxy simu-
lated with the multi-ff SF and the delayed cooling feedback
and strong PSFB (Mff009-DCool), but all five galaxies are
consistent with the dispersion of the observational points.
3.2 Local aspects
3.2.1 Rotation curves
In figure 6 we show the rotation curves (RC) of the five runs
built either by the contained mass per radius for each and all
the components (vc =
√
GM(r)/r where M(r) is the contained
mass inside r) or with the actual tangential velocities in the
stars of the galaxy corrected for asymmetric drift correction
(Binney & Tremaine 2008) in order to be consistent with
observations. For comparison, we show a compilation of ob-
servations of the stars in the MW (Huang et al. 2016; Pato
& Iocco 2017; Eilers et al. 2019; Mro´z et al. 2019) in grey
errorbar points. We see that for the case of the Schmidt law
run (KSlaw-DCool) and the weak PSFB multi-ff run with
delayed cooling (Mff100-DCool) the final galaxy is not mas-
sive enough to generate sufficient angular velocity in stars.
The other three runs yield comparable tangential velocities
of the stars to that of the MW disc around 10 kpc, but
the presence of the massive bulge generates a violent rise
in the RC that does not agree with MW observations. In
the particular case of two runs with mechanical feedback
(Mff009-MecFB and Mff100-MecFB), the bulge is so massive
that a spike is observed towards the centre of the galaxy in
the RC. Here, a particular difference is seen between the
two successful runs, Mff009-DCool and Mff100-MecFB), in
the central region where the latter shows an asymptotic
spike in the centre, nevertheless both galaxies show im-
pressive agreement with MW observation for R > 5 kpc.
3.2.2 Stellar distribution
The mass distribution of the Milky Way can be modelled to
fit different observational photometric and kinematic con-
straints McMillan (2011, 2017). We compare our simulations
to such models, and the results are shown in figure 7 for the
stellar bulge and disc, it is worth noting that there is no bar
present in any of our runs. In the case of the bulge, shown
in the left, we consider equation 1 of McMillan (2017) on
the spherical limit (q = 1) and compare it to the spherically
averaged stellar density. The relevant range in r for this com-
parison spans from our resolution limit ∆x = 35 pc up to the
rcut = 2.1 kpc (gray vertical line in figure 7). As mentioned
above the obtained stellar population in the bulge exceeds
that of what is expected for the Milky Way in all of our runs,
in particular, the runs with mechanical FB presents a den-
sity profile around 10-20 times denser than what is predicted
by the model at the resolution limit and with a similar ratio
up to rcut. On the other hand, the three runs with Delayed
Cooling present less departure from the model, and a bet-
ter agreement is found in the Schmidt law SF run (KSlaw-
DCool). In the case of the disc, we keep the full axisymmetric
form of equation 3 in McMillan (2017). We add the thick and
thin stellar discs of the model and show comparisons to the
resulting stellar density in the disc with respect to the cylin-
dric radius R keeping |z| constant at 0, 1 and 3 kpc. In the
case of the simulations, we use a bin in |z| centred in the same
values with 1 pc of width in |z| and show the cylindrically av-
eraged stellar density with respect to the R in these bins in z.
The results are shown in the right panel of figure 7. The best
agreement for the stellar disc density at |z| = 0 is obtained for
the two successful runs (Mff009-DCool and Mff100-MecFB).
In all runs, a thicker disc than the Milky Way disc is found.
This is most likely due to a resolution effect, and even if
we resolve the scale height of the thin and thick disc with
8 and 25 cells respectively, this might not be enough to
resolve the full gas dynamics inside the galactic disc. In
the next section, we focus on gas dynamics of the star-
forming cells and compare with observations of regions of
similar size either in the Milky way or nearby spiral galaxies.
3.2.3 Star formation sites: gas features and observations
Recent high-resolution observations of molecular clouds in
the MW or in nearby galaxies together with the resolu-
tion achieved in the three Mochima simulations constitute
an interesting framework to study the performance of our
sub-grid physics implementations as compared to observed
interstellar medium (ISM) physics. During the runs pre-
sented in this work, we have stored hydrodynamical quan-
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Figure 5. (a) Tully-Fisher relation where the stellar mass computed inside 10% of the rvir and the rotation speed v correspond to the
maximal tangential stellar speed observed in the disc. A fit on observation from Dutton et al. (2011) is shown in the dashed line. (b)
The baryonic Tully-Fisher relation is analogous to the computation shown in (a) but now including the gas. The dashed lines show fits
observations by Hall et al. (2012); Avila-Reese et al. (2008); Lelli et al. (2016) additionally the observations of the SPARC survey are
shown in the grey errorbars (Lelli et al. 2016).
tities present in the gas cell, i.e. density, volume, temper-
ature, and dispersion velocity at the moment where star
formation is about to happen. In this section, we compare
the hydrodynamical features of the star-forming cells ob-
tained with the different sub-grid physics implementations.
We also study how the gas of the star-forming cell compares
to observations of star-forming regions in the MW or M51.
We start our study of the gas features by looking at
its density temperature distribution, which is shown in fig-
ure 8 for all gas cells inside the virial radius of each galaxy.
The density temperature diagram can be understood by fol-
lowing the treatment presented in Tollet et al. (2019), we
further simplify this approach by dividing the diagram into
four quadrants, hot and cold gas separated by T = 104 K
as discussed in Tollet et al. (2019) and low density and
high-density gas separated 0.01% of the density threshold
imposed on the Schmidt law star formation (see section
3.1.3). These two boundaries are shown as horizontal and
vertical grey solid lines in the figure. Here, we can iden-
tify the gas belonging to the hot circum-galactic medium
(CGM) as the low-density hot gas, this gas comes from
the intergalactic medium (IGM) as low-density cold gas
and after shock-heating becomes the hot CGM. The cold
IGM gas could also be directly accreted as cold gas into
the cold, dense quadrant and join the cold ISM. It is this
cold, dense gas in the cold ISM that is available for star
formation and is eventually reheated by the SN feedback.
Gas in the bottom of the lower right quadrant when sub-
ject to SN feedback undergoes a temperature increase and
turns into either very hot and dense clouds populating the
hot ISM inside the disc, or into clouds that would reach
temperatures of a few thousand Kelvin that subsequently
expands reaching lower densities. Toward the crossing of
the two boundaries, where they would move back into the
star-forming gas as it cools down. In reality, when the gas
comes into the star-forming region after being reheated by
SN feedback, it will be metal-rich, from the SN explosion,
and give rise to second-generation stars such as the Sun.
In figure 8 we also show the density temperature distri-
bution of the star-forming cells in isocontours corresponding
to regions in the diagram that have formed 1, 10 or 200 times
the mass of the smallest star particle in the last 500 Myrs.
We use the star-forming cells of the last 500 Myrs in each
simulation to increase statistics, while the gas diagram cor-
responds to the galaxy at z = 0. The contours are built with
the gas cell features right before the gas is turned into stars.
We observe that the Schmidt law star formation (KSlaw-
DCool) generates stars in gas that belongs to the hot ISM
and the feedback heated gas, i.e. gas that is too hot to be
forming stars. Within this implementation, there is no regu-
lation for temperature effects given that the only criterium
to turn gas into stars is density. However, dense hot gas is
not very likely to stay in this state for long due to radiative
cooling. Therefore, very few cells will form stars in the hot
ISM. The Schmidt-law star formation is forming stars within
all the available gas above the density threshold regardless
of its temperature, as shown in figure 8. This issue is solved
in the four runs with the multi-ff star formation, where no
stars are formed in hot gas given that gas with high temper-
atures is turbulent and can support gravitational collapse.
However in the run with mechanical FB and weak PSFB
(Mff100-MecFB) some stars are formed with gas that lies in
the intersection of all four quadrants, except for this case,
since in the multi-ff model there is virtually no hard density
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Figure 6. Rotation curves computed from the contained mass at a radius R of dark matter (black dashed), stars (red solid), gas (yellow
solid) and the total mass (blue solid). Tangential velocities for the stars in the simulation is shown in error bars. Observations from the
Milky Way are shown in grey errorbar x’s form a compilation of MW observations (Huang et al. 2016; Pato & Iocco 2017; Eilers et al.
2019; Mro´z et al. 2019).
threshold, a distribution of star-forming cells that is wider
in density than in temperature is observed. Only cold gas
is forming stars over two orders of magnitude in density5.
The hot ISM (upper right quadrant in figure 8) has
a higher population for the delayed cooling runs than in
the mechanical feedback runs, and this supports our ini-
tial assessment that the former is more efficient at reheat-
ing the ISM than the latter. In particular, when combined
with the multi-ff star formation, delayed cooling and strong
PSFB (Mff009-DCool), the heating of the gas all along the
disc is very efficient (see figure 1) resulting in a higher
number of gas cells populating the hot ISM in the disc.
Observations of star formation regions in nearby spi-
rals and MW clouds combine different wavelengths to relate
the SFR and cloud mass to generate the star formation ef-
ficiency (Querejeta et al. 2019). We use observations of the
star formation efficiency with a resolution that ranges from
40 pc to 100 pc and compare them to the efficiency in the
star-forming cells of the last 500 Myr in the five simula-
tions. In figure 9, we compare the SF efficiency as a func-
tion of the cloud mass previous to the birth of the star in
the star-forming cells with observations from Murray (2011);
5 The multimodality of the distribution is related to resolution
and the refinement strategy in RAMSES
Lee et al. (2016). In the left panel, we compare observations
with the molecular clouds in the simulations. These molec-
ular clouds are detected using the on-the-fly clump finding
module PHEW (Bleuler et al. 2015) inside RAMSES, sim-
ilarly to the treatment in Grisdale et al. (2019). The star
formation efficiency for the detected clouds is computed as
˜ff =
M?,y
Mpre
tff
t?,y
(15)
where M?,y is the mass of the young stars (age < t?,y) found
inside the cloud, Mpre = MGMC + M?,y is the gas mass of
the GMC prior to the formation of the star and we take
t?,y = 4 Myr which is consistent with Murray (2011) and
Grisdale et al. (2019). The detected GMC in the simula-
tion present comparable efficiencies but exceed the mass
range of the observations, this effect was already observed
by Grisdale et al. (2018) since GMC observations are done
in the line of sight, i.e. in 2D while the PHEW reconstruc-
tion is in 3D. We do an extra comparison by only taking the
star-forming cells inside each GMC and compare the mean
of their individual SF efficiency 〈ff〉sf as calculated by the
multi-ff model (see equation 5) and the sum of their masses
MGMCSFcells . This comparison is shown in the right panel of fig-
ure 9 for the five runs and results in better agreement with
observations in both mass and efficiencies for most simula-
tions. Particularly, ultra-efficient sites in the Mff009-MecFB
MNRAS 000, 1–17 (2015)
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Figure 7. Density profile of the stellar distributions of the bulge (left), and disc (right) compared to the stellar mass model meant to fit
observational constraints of the MW (McMillan 2017). The comparison for the bulge is made in spherical coordinates, and for the disc
in cylindrical coordinates fixing the value of z for the theoretical curved, for the simulations, we use a bin of ∆z = 1 kpc around the fixed
value in the model.
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Figure 8. 2D histogram of the density-temperature phase diagram of the gas inside rvir at z = 0 for the five runs. The density is shown as
hydrogen density per cm3. The contours indicate position in the digram of the star-forming cells for the last 500 Myr of different values
of stacked stellar mass as shown in the legend.
MNRAS 000, 1–17 (2015)
14 A. Nun˜ez-Castin˜eyra et al.
4 5 6 7 8 9
log(Mpre [M¯])
−4
−3
−2
−1
0
1
lo
g(
²˜ ff
)
KSlaw-DCool
Mff²009-DCool
Mff²100-DCool
Mff²009-MecFB
Mff²100-MecFB
MW GMC (Murray et al. 2011)
MW GMC (Lee et al. 2016)
(a)
4 5 6 7 8 9
log(MGMCSFcell [M¯])
−4
−3
−2
−1
0
1
lo
g(
〈² ff
〉 sf
)
KSlaw-DCool
Mff²009-DCool
Mff²100-DCool
Mff²009-MecFB
Mff²100-MecFB
MW GMC (Murray et al. 2011)
MW GMC (Lee et al. 2016)
(b)
Figure 9. Two ways of comparing The star formations with MW observations from Murray (2011); Lee et al. (2016). In the Left,
reconstructed efficiency following the observation approach. The observations for Milky Way giant molecular clouds are shown in the
black triangles, in the right, the mean efficiency of the star-forming cells inside each GMC calculated by the multi-ff model with respect
to the sum of their masses.
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Figure 10. (a) The star formation efficiency per free-fall time of the star-forming cell for all the runs compared with observations of
giant molecular clouds (GMC) in the Milky Way (Murray 2011; Lee et al. 2016; Vutisalchavakul et al. 2016), M51 (Leroy et al. 2017) and
for a set of nine different galaxies (Utomo et al. 2018). (b) 2D contours of the surface density and RMS velocity of the star formation
cells are shown in contours. The inner and outer contour corresponds to the regions containing at least 1 and 50 gas cells. Observations of
the same variables from Leroy et al. (2017) are shown in black triangles. (b) The correlation of the two ways of computing the efficiency
of the GMC for the five runs, the observational efficiency, ˜ff , and the mean of the individual efficiencies of the star forming cells inside
the detected GMCs,〈ff〉sf .
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run are shown here as the massive outliers, this cells are
very dense and therefore turn more gas mass into stars.
Furthermore, we look at the distribution of values of
the mean individual efficiencies of the star forming cells
inside the detected GMC, 〈ff〉sf , and compare them with
different observations for the MW and M51 Evans et al.
(2014); Lee et al. (2016); Vutisalchavakul et al. (2016);
Leroy et al. (2017); Utomo et al. (2018) as shown in the
left panel of figure 10. The fixed ff of the KSlaw-DCool
run is shown as a vertical line. Even if the observations
in the MW from Murray (2011) have a good agreement
with the KSlaw-DCool, we observe general agreement with
most observations for all the runs with multi-ff SF (Mff009-
DCool, Mff009-MecFB, Mff100-DCool and Mff100-MecFB)
where the star formation efficiency is computed directly
from gas features. In the right panel of figure 10, we show
the correlation between the two ways of calculating the ef-
ficiency of the GMC. For the KSlaw-DCool run, the im-
plementation of a global fixed SF efficiency results in a
constant mean efficiency for all GMCs which is unrealis-
tic and does not agree with the observational efficiency,
˜ff . For the other runs the correlation is fully consistent.
4 SUMMARY AND CONCLUSIONS
We perform simulations of one selected spiral galaxy in a
cosmological environment with the RAMSES code to ex-
plore the impact of sub-grid baryonic physics implementa-
tion. The galaxy labelled Mochima is chosen according to the
host halo mass and the global stellar mass to be close to the
MW values. We focus on star formation and SN feedback,
as these are known to be two determining processes shap-
ing galaxy formation and evolution. Starting from the same
initial conditions, different implementations of the baryonic
physics yield significant changes in the shape and properties
of the final galaxy. We reach a resolution of 35 pc inside a
cosmological box of 36 Mpc. All of the runs presented here
exhibit a spiral disc at redshift 0 inside a Milky way size
DM halo. This resemblance allows us to make comparisons
of our simulations with observations of the Milky Way or
local spiral galaxies which is done in two main blocks, com-
paring global properties and local properties of the galaxies.
Our strategy consists in starting with the popular sub-
grid implementations used in such simulations, e.g. Schmidt
law SF, which allows star formation in gas regions (cells)
with densities above a certain threshold and with a fixed
efficiency. Together with delayed cooling feedback, which
consists of eliminating cooling temporarily in the expand-
ing SN event. It is known that these models, while suc-
cessful in describing large scale features of galaxy popu-
lations, lack details on the physical process they aim to
represent. Therefore we depart from this “control” run la-
belled KSlaw-DCool of the Mochima galaxy by chang-
ing one sub-grid recipe, namely, the star formation to get
the second group of runs: multi-ff SF and delayed cooling
with strong PSFB, Mff009-DCool, and weak PSFB, Mff100-
DCool. In these cases, the efficiency of the star formation
is no longer fixed, and it depends on the turbulence in
the local gas. To this end, we have included a sub-grid
model to propagate the turbulent kinetic energy of the gas
through time. For the third group of runs, we use the multi-
ff SF model together with a model of mechanical feedback
where the main stages of the Sedov-Taylor explosion are
considered with additional strong PSFB, Mff009-MecFB,
and weak PSFB, Mff100-MecFB. Our main results are:
As mention before, we observe a spiral galaxy in all
five runs, although with fairly different morphologies. The
KSlaw-DCool results in a smooth distribution of stars with
a few concentrated star formation sites in the disc and with
most of its stars concentrated in the bulge. While once only
the SF implementation is changed in the second group of
runs, we observed a less extended disc but with better pop-
ulated spiral arms. Here the strong PSFB results in one of
our so-called successful galaxies, Mff009-DCool, with respect
to the discussed tests. Between the second and third groups,
the feedback implementation changed, and the mechanical
feedback is introduced. In the disc morphology of the Mff009-
MecFB case, we start observing that the combination of me-
chanical feedback implementation with a strong PSFB is
not able to disrupt star-forming clouds. Several very bright
spots of highly efficient star formation are observed in the
disc together with an extremely bright bulge (figure 1). This
situation is solved by factoring out the PSFB in the Mff100-
MecFB case, here the resulting galaxy is much more smooth
and better populated, hence is one of our two successful runs.
Globally the five runs present a good ratio between the
stellar mass and the DM mass of the halo agreeing with
abundance matching techniques and MW mass. In partic-
ular, we observe an excess population of satellite galaxies
in the Mff009-MecFB run compared to the other two runs
(figure 2a). The Kennicutt-Schmid relation is reproduced
well by the runs with delay cooling and the Mff100-MecFB
run. On the other hand, the Mff009-MecFB run exhibits a
very efficient gas consumption and does not reproduce the
KS slope (figure 4). In the case of the cosmological bary-
onic ratio and the Tully-Fisher relation, all galaxies are
in good agreement with observations (figures 2b and 5).
When it comes to star formation history, we observe the
main difference between the different feedback combinations.
The combination of mechanical feedback and strong PSFB
(Mff009-MecFB) is not able to prevent star formation at very
early stages of the galactic history at redshift 3-4, where it
is allowing most of the mass of the galaxy to be formed. On
the other hand, for z <1.5, we observe clearly the difference
between the two star formation implementations. The four
runs with multi-ff SF show similar SFR one order of magni-
tude above the SFR in the Schmidt law SF run (figure 3).
Locally, we study the agreement of the inner features of
the galaxies with MW observations, starting with the rota-
tion curves where we observe better agreement in the Mff009-
DCool run. The stars in the KSlaw-DCool and Mff100-
DCool run are rotating about 50 km/s slower than the
stars of the MW for certain radii. The runs with mechan-
ical feedback (Mff009-MecFB and Mff100-MecFB) present
a diverging velocity profile in the centre due to the mass
of the bulge (figure 6). Further comparisons with the MW
stellar mass distribution in the disc were performed and
show impressive agreement in the runs with delayed cooling
and the Mff100-MecFB. Alternatively, the Mff009-MecFB
run exceeds what is expected from the MW mass model.
The resolution achieved in these simulations is compa-
rable to recent observations of star-forming clouds in the
MW and local spiral galaxies. We store the information of
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the gas in the star-forming cells during our simulations to
study the environment that triggers star formation in our
five runs. Furthermore, we compare these star-forming en-
vironments with molecular cloud observations using observ-
ables like density, temperature, efficiency per freefall time,
surface density and RMS velocity of the gas. Here we observe
i) that the Schmidt law SF aside for having a fixed star for-
mation efficiency which already disagrees with observations,
forms stars in regions with higher temperatures than would
be expected (figure 8), ii) A high non-linearity in the galaxy
evolution problem allows different combinations of feedback
implementations to result in interesting galactic distribution
as we observe for the cases of the Mff009-DCool and Mff100-
MecFB runs but iii) other combinations can result in ultra-
efficient star-forming sites (Mff009-MecFB) or very faint
stellar disc populations (KSlaw-DCool and Mff100-DCool).
While it seems that by adding complexity to the sub-
grid models we end up generating higher stellar masses,
there is gain in morphological aspects, dynamical aspects
of the overall galaxy and local star-forming gas features,
depending on the FB combinations. At least in favour of
the addition of turbulence to the star formation strategies.
In the case of the not-successful FB combinations, possible
reasons of the difference between observation and our re-
sults are i) unaccounted feedback physics such as radiation
feedback, cosmic rays or even AGN feedback, that usually
serve as a justification of the strength of the delayed cooling
method. ii) The resolution reached in our simulations is still
not enough for this implementation to affect the local envi-
ronment of the SN explosion correctly and iii) following the
lines of the last point we might be suffering from overcool-
ing at galactic scales. Higher resolutions are still required.
Finally, on the combination of feedback implementa-
tions we attempt to bracket the possible values of the free
parameter in the multi freefall star formation model, , but
conclude that its value also depends on the SN feedback
recipe. For delayed cooling lower values of  seem to be
favoured, contrary to the mechanical feedback where higher
values of  are favoured. This last scenario is consistent with
predicted values for epsilon in semi-analytic models, where
 = 0.3 − 0.7 are suggested by Federrath & Klessen (2012).
Generally, our simulations exhibit an excess in
early star formation generating a dense and mas-
sive bulge of old stars. The associated steep cen-
tral gravitational potential certainly prevents the forma-
tion of bars. Such situation represents a common is-
sue in similar high resolution cosmological simulations.
The present studies show the need for improved
sub-grid implementations, in particular for the in-
terplay between turbulence, star formation and su-
pernova feedback in cosmological environments. This
work also highlights the inner degeneracies of the
galaxy formation problem. More precise diagnostics could
discriminate amongst the different baryonic models.
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